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PROPELLANT TANK PRESSURIZATION
TECHNOLOGY PROGRAM

Tank Pressurization System Performance
Evaluation

Honeywell

PRECEDING PAGE BLANK NOT FILMED
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OBJECTIVE

Create models of sufficient detail to yield preliminary control
designs and verification.

REQUIREMENTS

Oxidizer and fuel tank pressures to be controlled to within £5.0
percent

The primary heat source is used to heat the helium to constant
temperature. )

The secondary heat source will be sufficient to maintain
pressure in the helium tank high enough to complete the 120
second mission.

System LO2 volume flow rate 112.4 ft3/sec.

System RP-1 volume flow rate 65.9 ft3/sec.

Initial ullage volume of 5%.

Maximum LO2 and RP-1 ullage temperature 800°R

Maximum He pressurant temperature 1000°R exiting primary

heat source.

ASSUMPTIONS

The plumbing losses will be ignored or combined with a valve or
an orifice.

Some of the tanks will be simplified to a source of fluid ata
known pressure without detailed modeling of the tank or
pressure control.(This was the case for the liquid oxygen and
liquid hydrogen tanks for the heaters in system 47)

System LO2 and RP-1 volume flow rates increased by 10 - 20%

to account for piping and conduction losses.
Initial LO2 and RP1 ullage volume 400 ft3.

Honeywell
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CANDIDATES TO BE MODELLED

. System 2--Gas Generator/Heat Exchanger/Steam

. System 4A2--Catalyst Alternate/Steam

. System 4Z--LH2/LO2/Helium Heater

SIMULATION TOOL

. Integrated Systems MATRIXX™ on a VAX workstation 2000
. Block diagram representation of system

. Hierarchal system build functionality

. Controls analysis toolbox

SIMULATION RUN PARAMETERS

. 120 second runtime

. Fourth order Runge-Kutta integration

. 40 millisecond integration rate

. Analog control system assumed

SIMULATION ANALYSIS RESULTS

. All 3 systems modeled met performance requirements

e System 4Z is the most robust from a tank pressurization control
system performance viewpoint.

Honeywell



SYSTEM 2

Model Development Configuration 2 -

Gas Generator Heating

The system shown is figure 1
simulated and the associated contro

text.

Honeywell

Steam Expulsion and

. The components which were
Is are described in the following

38



j andig

EALJEENI) |
_ ses)/pinbi-y l

|

BLIPXO Py

¢ aeplpue)) | ENQHm\Nm\wU

39

Honeywell



Heat Exchanger Model

He —

Cu

— )

The heat exchanger is modeled as a counter flow Hx with Cu
core, and is divided into ten (10) segments.

The state variables for each segment are He temperature and
Cu temperature. The gas side has a short time constant so it is
modeled algebraically.

He side
ATy _ Q- Qu + Qe
dt My, Cpye

- . b o BTU
Q, = w, T, Cp, sec R 1 °R
Qoul = v'vm Tout CPow

f
Qe = Jeu - Tﬂe] nHA °R _B'I;U_ in2
secin® °R

The Q's have units of BTU/sec.

Tour is the value of the He temperature state variable and T, =
Toui- The flow rate is constant throughout the Hx.

Honeywell
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Tout W Cpoyt __1
AN ) " 1 Tout

Tin w Cp L > 1
in — * 3 —»
+ 4+ MCp
Y-
NHA ——@
+
Tcu
or
T. .
+
v 1 J_ TOU(
C? + MCp S
. .
T .
Sy o nHA W Cpout . NHAle——

The outlet temperature of the first segment is the inlet

temperature of the second, etc.

Core

The core conduction is ignored.

Honeywell



Qgas
+ 1 1 » Cu
] MCp S

Qe .

Since both Qpe and Qg,s are a function of Tcy, this becomes

closed loop.

T - e
ges + 'é >
nHAgas

4" 1 1 TCU
— T 1 >
& M Cp
THe 7

MHAL

LT

The core state variables are only tied together through the He

and gas flows.
G ide -

The gas side has a short time constant. The combustion
products come in at 2100°R and 525 Psia, which yields a low (rho) p

and thus a low M Cp (thermal capacitance). The time constant for the L

first segment

e

Honeywell 42



_ wCpy, + MHA

_ PV
MCp = o= Cp
_ 525 * T.561 « |44 = 003755 BIY
1545 « 2000 . . °R
20.3

NHA = 132.846 BT
sec°R

Toas = 129.78 U sec.

Honeywell



Where as the He time constant varies between

26.06msec < T, < 43.89msec

A 200:1 step size improvement can be accomplished by finding
an algebraic solution to the gas side equations. If the change in
density is neglected in a segment then the gas velocity is a constant
and the temperature vs. length and the temperature vs. time is an
exponential equation. By equating the transport time of the gas and
the time constant of the gas, a solution is obtained.

M _ PV sec
w ~ RTw segment

_ MG
% = WCp+nHA

PV
. = _RT Cp
t = WCp+nHA

. = PV Cp
t m{w Cp + kw"'s)

As the gas travels through a segment the temperature varies

- i -RZ
Tgas - TCu * [Tin TCu} ©

£ =1 segment R =5'- 1
T, segment

(relaxation rate)

Honeywell »
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the heat transfer

Honeywell

PV
RT w
PV Cp

RT{w Cp + kv’

which reduces to:

. w Cp + kw'" _ wCp+nHA

w Cp w Cp

T =T +(T.

-R
out Cu in * TCu] ¢

i

Q = [Ty~ Tou) #Cr

45



Gas Generator

The Hx inlet pressure is 563 Psia and the outlet pressure is
500. For this simplified analysis the pressure drop in the Hx will be

1500 1175 Hx
525
1soo® /' &G
1175

Splitting the pressure drop 2/3 to 1/3 with the nozzles and the
valve, the maximum flow pressure drops are as shown. This is with
a flow rate of 110 Ibs/sec and a MR = 0.3.

ignored.

w = A JpgAP

MR = 03 = —o =
Wi

W, = 03w,

w, + w, = 110
13w, = 110

w, = 84.62 lb/sec

¢ w, = 25.38 Ib/sec

Valves Nozzles
Fuel kA, = 4.69 kA, = 332
LOX kA, = 141 kA, = 0995
w2 = kA2 AP
.2 .2
kA, kA,

Honeywell
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2 2
W = AP m’z‘ * kAg
kA, + kA,
WZ = kA, * kA, 2AP -
kA, + kA,
3
2 2 2
SX’ = kA, [—52E— - kAKA, /AP %(kA“ + kA} KA,
M kA, + kA,
D S o _ b
A A 6.009 KA.

Assume one volume for the gas side of the system. Include

same volume for pipes.

vV = 100 ft°

PV = MRT

p - MRT
vV

Use an average temperature between GG temp and Hx exhaust
temperature. For noise reduction from GG temperature fluctuations

the model will use
P = —I{V- (win - Woul)

The w_. will be based on choked flow through exhaust nozzle.

out

Honeywell 47



w = 592623 £
JT

Use the nozzle flow for the flow through the heat exchanger.

T = 1300°F = 1760°R

MR =03
Ty ss = 4000°F =  4460°R
T = 12014 + 1862* MR

Use a constant Cp = 1.44 and constant temperature, varying flow

only.

L.LOX and Fuel Tanks.

PV = MRT
MRT
P=—
\'%

The volume is a function of time.

Honeywell 48



where T, is the tank wall temperature

T, is gas temperature over the liquid

T;, is the temperature of the gas entering the
tank.

The first term in the numerator is the heat loss to the tank.
The second term is the excess heat of the incoming gas. In the
model, the heat transfer to the tank was approximated by an
increase in volumetric flow of the LOX and RP.

A is a function of time
A = Aj+kyt

Steam and He Tanks

The water comes out as saturated liquid. This means that the
enthalpy of the remainder will drift upward. If the tank enthalpy
hits saturated vapor, then there will be a change in density and
enthalpy of the fluid removed. The fluid removed will be saturated
vapor instead of saturated liquid.

Simulation

The AP between the H,0 and He tanks will set the flow rate
between the tanks. This will be simulated as an incompressible flow,
with the pressure drop occurring at the valve with the outlet into the
He tank.

Honeywell 49



The state variables used will be total energy of the contents of

the tank and the mass.

E BTU
M by

The mass flow out will be at an energy level of saturated
liquid.

E_, BIU
M Ib

The volume of the tank divided by total mass give specific

volume
3
=V ﬁ-

Yy
M Ib

The intersection of the v and A lines will give pressure and

thus h g and A gy.
Parameters needed for the water.

hg P T hgy VoOrop

Initial Condition for Steam

0.034310 ft3/1b
n = 8025 BTU/Ib

<
I

As the liquid is extracted from the tank, the enthalpy drift
across the dome toward the saturated vapor boundary. When the

tank enthalpy is:

Honeywell 50
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h <=0.1h R +0.9hsv

t 1

the enthalpy exiting the tank becomes:

hy-hg
B = hy * (hsv - hsl] oy hy 0.9 10

Control _Design

The pressure regulators on the LOX and RP tanks were modeled
as simple proportional regulators. If the major pressure drop has to
move from the tank to upstream of the primary heat source an
integral control will have to be used (minor impact to control system
design).

Honeywell
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LOX Tank

VALVE
»(9—| 03 [—> EFFECTIVE
" AREA
flox
VALVE
0.15 = EFFECTIVE

1350
RP Tank
1350
Primarv H ur

P
RP

AREA

The primary heat source is controlled by the total mass flow
through the hot side of the heat exchanger.

800

0.0002 (10S + 1

S
0
v

S

HX He

Honeywell

0.23 EFFECTIVE
—» AREA OF

LOX LOX VALVE

0.77 EFFECTIVE
P g —® AREA OF

RP RP VALVE

52
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Honeywell

Prox i
: lbm
Prp density of RP ~ —"—13—
g gravitational constant ~
2

Value areas ~ in

density of LOX ~ 2@

seC

in

2
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SYSTEM 4A-2

This system (Figure 2) stores hydrogen with the helium. The
primary heat source is a catalyst. Oxygen is added to the helium
stream before entering the catalyst. The catalyst exit temperature is
controlled by the amount of oxygen added to the stream. The
oxidizer and fuel tanks are pressure controlled by regulators at the
inlet to the tanks. The secondary heating is accomplished open loop
by a steam blow down system into the helium/hydrogen tank.

Honeywell
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Primary Heat Source

The primary heat source is a catalyst. The data provided for the
transient response was a start up condition. There was evidence of
some catalyst quenching (figure 3). After approximately a half of a
second, the temperature started to rise. The absence of data relating
reaction rates as a function of temperature required that quenching

be omitted. The model used was a 10th order.

0,
H Reactlon
2 Temperature 1 Temperature
——rr e - =
Reaction (0.667S + 1)(0.0667S +17 -

A 300 R to 800 R transient is shown in Figure 4.

Gaseous Oxygen Tank

The oxygen is treated as an ideal gas

PV = MRT
p - MRT
144V

ftlb
1545 £
R=42%2 L -
2 48.28

M is the mass of oxygen in the tank and is a state variable.

T is 480°R
VvV is 179.59 fi3
144 in2/ft2

P is  lbg/in2

The flow from the oxygen tank and through the oxident and fuel
tank pressure regulators is:

Honeywell s6
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If the flow rate is sonic

y+1
Y 2 v
= 18
w=AP RT(’Y+1]
else ¥-1
_ £ 27| | Pou
w=AP_ o7 | (PJ

Steam_and _He Tanks

The AP between the HiO and He tanks will set the flow rate between
the tanks. This will be simulated as an incompressible flow, with the
pressure drop occurring at the valve with the outlet into the He tank.

The state variables used will be total energy of the contents of the
tank and the mass.

E BTU
M Ibpy

The mass flow out will be at an energy level of saturated liquid.

E _, BIU
M Ib

3
y_,
M b

The intersection of the v and h lines will give pressure and thus hy;
and hgy.

Parameters needed for water.

hslPT hy, v or p

Honeywell 59



11 48 D AN A

Initial Condition for Steam

y = 0.034310 ft’/1b
n = 8025 BTU/b

As the liquid is extracted from the tank, the enthalpy drifts across
the dome toward the saturated vapor boundary. When the tank
enthalpy is:

R >=01h +09hg,

the enthalpy exiting the tank becomes:

h, - h
N "51)[-—‘——51 . 0.9] 10
exit s l_hSV-hSl _I

.

ontrol ign

The pressure regulators on the LOX and RP tanks were modeled
as simple proportional regulators. If the major pressure drop has to
move from the tank to upstream of the primary heat source, an

integral control will have to be used (minor impact to control system
design).

Honeywell
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LOX Tank
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RP Tank

1350 , @ >

P
RP
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SYSTEM 4 Z

This system (Figure 5) uses gaseous Helium to pressurize a small LOX

and liquid hydrogen tanks. The simulation assumes that the liquid
hydrogen and oxygen tanks are pressurized to 400 psi above the
super critical helium tank. The simulation has a source of liquid
hydrogen and liquid oxygen at 400 psi above the super critical
helium tank, but the amount of LOX and Hj used is not measured.
The O/F ratio of the secondary heater is accomplished by calibrated
orifices in the hydrogen and oxygen lines. The flow is constant
throughout the mission, being maintained by the constant delta
pressure.

The primary heater has a temperature control to maintain the
temperature of the helium exiting the heater to 1000 R.

The pressure regulators on the Oxidizer and fuel tanks are simple
proportional controls, although this will have to be upgraded if the
primary pressure drop does not occur at the fuel and oxidizer tank.

Model Development Configuration 4Z - LH; / LO; / He
Heater

The system shown is figure 5. The components which were

simulated and the associated controls are described in the following
text.

Honeywell
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Secondary Heater for the He Tank

The LOX tank and LH, tank are pressurized from a gaseous Hc
tank source. The pressure maintained in the supply tanks is
maintained at 400 psi above the super critical He tank. This
maintains a constant pressure across the flow orifice controlling the
flow rate.

For 400 psi across the flow orifices the effective areas for the
secondary heater are:

ALox = 0.02649 in2

App, = 0.009983 in2

Both the LOX and LH» are maintained at the same pressure. This 1S
to maintain O/F ratio in the heater.

Flow _Equations

w=AJpgAP

w = mass flow of the fluid ~ lb.m/sec

A = effective area of the restriction ~ in2

p = density of the fluid ~ Ib, /in®

g = gravitational constraint ~ in/sec’
b

AP = pressure difference across the orifice ~ ——%
in

- Ib
prox =0-32843 -

Honeywell
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g = 32.17 * 12 = 386.04 in/sec?
AP = 400 psi

v, =A, 3.560/AP

WOZ 02

Wy =AH, 1.1814/A P

z -

O/F ratio for stoichiometric

2H, + 0, = 2H, O

& 32 36
_32_
oF=32-3
A. 3560 /AP
-g-— % - 7.9978

A, LIBL/AP
2

Thus

v'szo =1.125 v'v02

the excess of Hp is ignored.

The total flow of LOX and LH; are not determined since they do not
effect the control of the system.

Volumetric Flow Rate of the LOX and RP Tanks

Main tank volumetric flow rates:

LOX 112.4 £ fsec

RP

65.9 fr° [sec 0<t<30sec

Honeywell
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LOX 84.0 ft’ /sec

30 <t < 120 sec

RP 49.4 fe® fsec

The flow rates were increased by 20% to account for heat transfer to
the LOX and RP tanks. These data became the derivatives for the
tank ullage state variables.

The H, pressure in both tanks is considered to be an ideal gas.

PV = MRT
MRT
p=MRT
v
R lsas o
4.0026 1b, °R

ft Ib,
Mlb, Re— TR
m i

Ve 144 in?

p o _
in?

Pressure Regulator Flow Rate

The pressure regulator flows are based on an ideal gas with an
average molecular weight of 4.0026 and a gama of 1.655.

If the flow rate is sonic

Y+ 1
2\
- 18
W—APm R [Y*‘l]
clse y-1
7
_ 8 2 | | fou
W—APm RT 7- 1 (P'mJ

Honeywell



The H, flow into tanks are integrated to generate the H, mass in the

LOX tank ullage and RP tank ullage. (This is used to calculate the
pressure in the tanks.) The sum of the flows is the negative

derivative of the H. tank mass.

H,_Tank

The energy released into the Hg tank is the change in enthalpy
in the steam flow times the flow rate.

Q= (geam *+ Prgon ™ Mrce )Wué)

h

siean

h

fusion

h.

e

is the enthalpy of the steam generated in the secondary heater, with the

reference being 0.0 BTU 4 32.0°F and 14.7 psi and the water in
liquid state. lbn

is the energy released to freeze the water.
(144 BTU/1b)

is the enthalpy of ice at temperature less than 32.0F. A, (T)

The temperature derivative is

S,
T—-Ni—c-;

T is the rate of change of temperature of the Hin the tank.

Q is the heat released from the steam.
M is the mass of the H, in the tank.

G, is the specific heat of the H in the tank.

The specific heat in a function of the He temperature and is obtained
from a lookup table.

LOX and RP Ullage Temperature

The temperature of the helium in the ullage is calculated the
same as the helium tank.

Honeywell
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where

but

Primary Heater

The effective area ration of the LH, and LOX valves is kept to
0.3769 which yields an O/F ratio of 8 : 1. An 8 : 1 O/F ratio produces
stoichiometric combustion.

The normal design point for the primary heater with the
helium dilution is an outlet temperature of 1000°R. The assumed

enthalpy of the steam after combustion is 4500 %

A}

2 in umaj

Who (4500"‘ 1000R) + Whe {th. - Iy
= (To- 1000) WC,

where

Honeywell
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WGy = Wy g cszo + 4y Cpy,

BTU
=1. R
CpHc 1.2400 b

_ BTU
CpH2O—O.8864 T R

BTU
= 1474.1 =—
"Hzo 1000R Ib

W0 psi
- BTU
P g =12670 <
2000 psi
Thus
( . . = v _ . .
(To~ 1000] W Cy = Wy o (4500~ 1474.1) + vy [h " 1257.0]
30259 Voy o+ Wy [h o 1267())
T, = 1000 + . =
w C
P
where

WHZO = 1.125 wy ox

The temperature sensor with a lead network incorporated is
assumed to have a 10 rad/sec break frequency.

Honeywell
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Pressure Regulator Design

The pressure regulators on the LOX and RP tanks were modeled
as simple proportional regulators. If the major pressure drop has to
move from the tank to upstream of the primary heat source, an
integral control will have to be used (minor impact to control system

design).

LOX Tank
1350 VALVE
130 e ()—>=| 03 [—> EFFECTIVE
) - AREA
Rlox
RP Tank
1350 VALVE
——;-»@-» 0.15 |—® EFFECTIVE
] AREA
P
RP

Honeywell



SIMULATION RESULTS

System 4Z Primary Heat Source--Large LO2/LH2/Helium Heater
Secondary Heat Source--Small LO2/LH2/Helium Heater
. Nominal Trajectory

- No failure--Dual heaters, each with half of the
total Helium flow rate
. Pressurization System Primary Heater Failure
. Scenario 1--Heater failure at MET 15 sec.
- LOX/LH2 to heater constant
. LOX/LH2 to heater throttled with failure
. Pressurization System Primary Heater Failure
. Scenario 2--Heater failure at MET 40 sec.
- LOX/LH2 to heater constant
. LOXY/LH2 to heater throttied with failure

SYSTEM 2 Primary Heat Source--Gas Generator/Heat Exchanger
Secondary Heat Source--Steam
- Nominal Trajectory
- No failure--Dual heaters, each with half of the total

Helium flow rate

System 4A2 Primary Heat Source--Catalyst Bed
Secondary Heat Source--Steam
- Nominal Trajectory
- No failure--Dual heaters, each with half of the
total Helium flow rate

Heneywell
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PTPTP FLIGHT PRESSURIZATION CONTROL SYSTEM
ROM COST ASSUMPTIONS

GENERAL

10.

11.

12.

13.

14.

The PCS will comply with the Separation of Critical Functions requirement of MJ070-0001-1C.
(3.4.1.13). Therefore, redundant means of performing critical functions will be physicially
seperated or protected.

The PCS is a Critical Function of Category 1. (could result in loss of crew or flight vehicle)

The PCS will receive Flight Critical commands from the GPCs. The PCS will also relay its
operational status to the GPCs.

The PCS will consist of dual redundant LRUs and each LRU will be part of a string. How each
string will be configured to the Data Management System will not be determined at this time.

Each LRU will consist of self-checking processors, single input electronics, and single output
electronics that will give each redundant LRU 100% Self-test. An LRU will initiate a shutdown and
switch to a redundant LRU belfore any out-of tolerance signal is output to any valve actuator.

Each redundant LRU will be capable of initiating an "active” shutdown. (Active is defined as
alternative shutdown procedures to be performed depending upon elapsed time of the mission.

Unless otherwise specified, the PCS will not peform any booster engine control.

Smart sensors will not be used. Excitation must be provided to the sensors. Each LRU wiil control
two of the four sensors at each location only. RTD sensors are assumed. Valves and sensors for
testing are customer furnished.

Valve position feedback will be needed.

ROM applies to all three final candidates: Concepts 2, 4A-2, & 4Z (Concept 4Z is worst case)

All S/W development 50% as complex as SSMEC. (2 Programs, "C" language assumed)

The LRUs will not require AC power

A shipset consists of 4 LRUs. (2 LRUs per booster, 2 boosters per flight)

This ROM will detrermine the non-recurring and recurring price for :

Program first flight: Jan 1996
Begin first booster assembly: Jan 1995
First assembled & fully qualified flight unit: Jan 1995
Begin long lead parts procurement: Jan 1992

Total expendable flights (2 boosters per flight): 12 (48 LRUs)
{Recurring prices would differ if > 12 flights))

Flights per year: See schedule
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15.
16.
17.

18.

Learning curve: 90%
Pricing dollars, year: 1987
All S/W requirements will be fully defined.
A COST reimbursable contract.
Class "B" parts are assumed.

The recurring price stated is for one shipset (4-LRU's) out of the initial 12 shipsets being
produced.

TEST EQUIPMENT

10.

Pricing is based upon a long-term production program.

2 separate sets of in-house LRU resident flight S/W. (Flight S/W & CATP)

ATE can be scaled down with appropriate adapters and is available for board levet testing.
No S/W development system is needed. (SSMEC station will be available).

Certification test adapter is manual, but could grow to automatic.

DS Pan Il included in Certification estimates.

Interface adapters are approximately 40% SSMEC CITA capacity, are design apportioned, and
include debug S/W.

Certification adapter uses debug S/W and manual measurements.
Board test adapters & power supply adapters use ATE station separate S/W.

Closed loop simulation is needed for flight S/W development.
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